Aerosols can influence the climate indirectly by acting as cloud condensation nuclei and/or ice nuclei, thereby modifying cloud optical properties. In contrast to the widespread global warming, the central and south central United States display a noteworthy overall cooling trend during the 20 th century, with an especially striking cooling trend in summertime daily maximum temperature (T max ) (termed the U.S. ''warming hole''). Here we used observations of temperature, shortwave cloud forcing (SWCF), longwave cloud forcing (LWCF), aerosol optical depth and precipitable water vapor as well as global coupled climate models to explore the attribution of the ''warming hole''. We find that the observed cooling trend in summer T max can be attributed mainly to SWCF due to aerosols with offset from the greenhouse effect of precipitable water vapor. A global coupled climate model reveals that the observed ''warming hole'' can be produced only when the aerosol fields are simulated with a reasonable degree of accuracy as this is necessary for accurate simulation of SWCF over the region. These results provide compelling evidence of the role of the aerosol indirect effect in cooling regional climate on the Earth. Our results reaffirm that LWCF can warm both winter T max and T min .
A major barrier to reliable prediction of climate change on decadal and longer scales is the characterization of uncertainties in the magnitude of the estimated cloud-mediated (indirect) effects of aerosols 1 . The aerosol indirect effect can be negative or positive by suppressing or invigorating the development of clouds and precipitation under different circumstances due to the complex interaction between aerosols and cloud droplets 2, 3 . Airborne absorbing aerosols have been reported to raise regional temperature by reducing the local large-scale cloud cover 1 . The competing radiative effects of climate include the greenhouse effect (warming due to infrared absorbers) and the ''whitehouse'' effect (cooling due to visible wavelength reflectors) 1 . As reflectors, clouds affect the climate by reflecting incoming solar radiation back to space (shortwave cloud forcing (SWCF)), which tends to decrease the daytime maximum surface temperature (T max ) (cooling effect), and by trapping outgoing infrared radiation (longwave cloud forcing (LWCF)), which tends to increase both nighttime minimum (T min ) and daytime T max (warming effect). In addition, the increase of infrared absorbers such as greenhouse gases (e.g., CO 2 and precipitable water vapor (Q)) and absorbing aerosol results in an increase in both daytime T max and nighttime T min (warming effect due to longwave forcing), whereas the increase of visible reflectors such as sulfate aerosols and clouds leads to a decrease of the daytime T max (cooling effect due to shortwave forcing) [4] [5] [6] . If the infrared absorption dominates and consequently the greenhouse effect increases, both nighttime T min and daytime T max should increase with potentially larger effects during the winter due to its longer nights and more stable lapse rate 7 . If the visible reflection dominates and the whitehouse effect increases, the daytime T max should decrease, primarily when solar radiation is the greatest (summer) 6, 7 . In contrast to the widespread global warming, the central and south central United States display a noteworthy overall cooling trend over the past century, with an especially striking cooling trend in summertime daily T max (termed the U.S. ''warming hole'') 1, 8, 9 (also Supplementary Fig. S1A and Supplementary Note 1). Several explanations have been suggested for this cooling trend, which seem partly associated with the change in sea surface temperatures 10 , low-level circulations/soil moisture feedback 9 , internal dynamic variability 11 Southern Oscillation) 8 and land surface processes 14 . It has been speculated that the aerosol direct and indirect effects play a significant role in the observed strong anticorrelation between trends in summer daily T max and precipitation in these regions 8 . The strong anticorrelation between precipitation and Tmax (and diurnal temperature range) during the warm season has also been found in many other regions 15, 16 .
Results
Here we use monthly mean observational data sets of T max and T min from the Global Historical Climatology Network Monthly (GHCNM) 17 , cloud properties (SWCF and LWCF at the top of atmosphere (TOA), cloud optical depth (COD) and cloud fractions) from the Clouds and Earth's Radiant Energy System (CERES) 18 , aerosol optical depth (AOD) from Terra-MODIS, Q from, National Center for Environmental Prediction (NCEP) reanalysis data, and global coupled climate models (Supplementary Notes 1, 2, 3 ) to explore the attribution of the U.S. ''warming hole''. The very strong correlation between summer T max and SWCF (correlation coefficient (r) . 0.67 is statistically significant at the 0.05 level) in the scatter plots of Fig. 1A during 2000-2011 is a strong indication that SWCF is one of the major driving forces for the noted variability in summer T max over the continental U.S. (CONUS). This is strongly supported by a nearly perfect match of negative trends in the western U.S (WUS) and positive trends in the eastern U.S. (EUS) for summer T max and SWCF with the U.S. High Plains dryline as separation. The negative trends in summer T max in Maine are collocated with consistent negative trends in SWCF ( Figs. 2A and 2B ). This is confirmed by the consistent longitudinal variation of the trends of summer T max , and SWCF in Fig. 1C . This is evidence that the SWCF trends are one of the main causes for negative trends in WUS and positive trends in EUS for summer T max . Fig. 1A strongly supports the assumption that response of temperature to the climate forcing is proportional 7, 19 . Since SWCF by definition is negative, the positive slope (0.12 6 0.002 (2s) and 0.15 6 0.003uC/(W/m 2 ) for EUS and WUS, respectively) means that during summer, when solar radiation is the greatest, more clouds can reflect more incoming solar radiation back to space (larger negative SWCF values), systematically decreasing the daytime T max significantly over the CONUS.
One obvious question remains as to what causes the observed regional scale change in clouds. Although all cloud droplets must form on preexisting aerosol particles that act as cloud condensation nuclei (CCN) 3 , cloud distributions depend not only on the available aerosol particles that serve as CCN but also on prevalent atmospheric dynamic and thermodynamic processes 3, 20 . Although there is substantial evidence of the aerosol indirect effect (AIE) 2, 3, [21] [22] [23] [24] [25] [26] , the summer T max can change because of variation in large-scale atmospheric circulation. Following Kaufman et al. 27 , a multiple linear regression (MLR) is used to analyze the influence of synoptic meteorological parameters (from NCEP reanalysis) and aerosols on summer T max , its trends and SWCF trends as listed in Table 1 (Supplementary Note 11). Note that the correlations between variables do not prove causality and that the aerosol indirect effect on climate cannot be untangled with high degree of confidence until regional climate models can predict climate change and cloud evolution with high precision. Table 1 indicates SWCF and Q are the two major contributors to variability in both summer T max (b-coefficients for relative importance are 0.48 and 0.44, respectively) and its trends (b-coefficients are 0.38 and 0.37, respectively) over the CONUS. This is supported by very significant linear correlations between summer T max and Q over the EUS in Fig. 3 and the nearly perfect match of positive trends in EUS for summer T max and Q in Figs. 2A and 2E except the northeast portion of U.S. Q is considered as the most important greenhouse gas with positive feedback 1 (Supplementary Note 10). The results within and outside the ''warming hole'' are similar to those over the CONUS except that Q is not important for summer T max for outside the ''warming hole'' as shown in Table 1 and Fig.  S14B . The results in Table 1 further reveal that the aerosol direct effect calculated by a box model 28 (Supplementary Note 6) does not play a significant role in decreasing summer T max over the CONUS, in agreement with other studies 7, 13, 29 . The very poor correlations between moisture convergence and summer T max (Supplementary Figs. S11 and S12, Supplementary Note 9) indicate unimportance of the moisture convergence for the summer T max and U.S. ''warming hole''.
A high population density and energy, and combustion-related atmospheric emissions interspersed with heavily forested areas in the EUS provide precursors and sources of anthropogenic and biogenic inorganic and organic aerosols [30] [31] [32] [33] , which can be CCN. The close match of negative trends in summer AOD and positive trends in SWCF over the source regions of the central and eastern U.S. in Figs. 2B and 2D is strong evidence that the AOD trends are the main cause of positive trends in SWCF during 2000-2011. This is confirmed by the consistent longitudinal variation of the negative trends in both AOD and COD, and positive trends in SWCF over the EUS in Fig. 1C and significant linear correlations between the trends of longitudinal mean AOD and mean SWCF in Fig. 1D ( Supplementary  Fig. S6 ). Table 1 shows that the trends of AOD are mainly responsible for the variability in the trend of SWCF and the variability of longitudinal means of SWCF trends.
To Fig. S41I ) and 2000 to 2011 ( Fig. 2A) . This is supported by the fact that over the United States cloud cover has increased from 1949 to 2001 in summer and annual means with all of this increase occurring prior to the early 1980s 35 . The trend analyses for the global coupled models from CMIP5 (Supplementary Note 12) indicate that only MIROC-ESM-CHEM model successfully shows negative trends in summer T max (i.e., the U.S. ''warming hole'') (Figs. 4A for the observations, and S39A for the models) and SWCF ( Supplementary Fig. S39 . Since the only difference between MIROC-ESM-CHEM and MIROC-ESM is that the MIROC-ESM Uwnd1000, uwnd700, uwnd500, vwnd1000, vwnd700, vwnd500, Q, Pottmp500_925, Stat100_700, and ADF represent easternly wind at 1000 hpa, 700 hpa, 500 hpa, northernly wind at 1000 hpa, 700 hpa, 500 hpa, precipitable water vapor, potential temperature difference at 500-950 hpa, low static stability at 1000-700 hpa, and aerosol direct forcing, respectively. ''CC'' means correlation coefficient. ''b'' (estimate 6 (Fig. 4E) are because of both increase of clouds (Fig. 4F ) due to increase of aerosols (Fig. 4G ) and decrease of Q (Fig. 4H) (Supplementary Notes 11, 13 ). In addition, the very strong linear correlation between winter T min (T max ) and LWCF (r . 0.65 is statistically significant at the 0.05 level) in Figs. 5A and 5B for the 2000-2011 period shows that LWCF is one of the major driving forces for the noted change in winter T min (T max ) in the region restricted to latitudes $ 36uN because of latitudinal dependence of the climate response to radiative forcing 7, 19, 20 . A global study shows that a radiative forcing can yield a larger response at high latitude than at low latitude because of sea ice feedback and more stable lapse rate at high latitude, especially with calculated clouds 7 . Since LWCF by definition is positive, the positive slopes here imply that during the winter, more clouds can trap more outgoing infrared radiation, systematically increasing both nighttime T min and daytime T max significantly over the CONUS at latitudes $ 36uN. This is supported by a nearly perfect match of consistent negative and positive trends in T min and T max with those of LWCF over the CONUS at latitudes . 36uN ( Supplementary Fig. S9 ), indicating that the climate changes in these regions are more complicated and should be analyzed separately. The model results in Figs. 5C and 5D and Supplementary Table S1 show that the observed slopes and correlations for winter T min -LWCF and winter T max -LWCF for 2000 to 2011 are representative of those for the longer timescale (1950 to 2011). The summer AODs decrease over the CONUS, especially in the EUS (Fig. 5D) , whereas the winter AODs increase at latitude . 36uN ( Supplementary Fig. S9 ) from 2000 to 2011. Over the ocean outside of the CONUS both summer and winter AOD increase (Fig. 2D for summer and Supplementary Fig. S9 for winter) . The results over the WUS are similar to those of the EUS but with slightly smaller slopes and lower correlation coefficients, indicating that the response of winter T max and T min to LWCF is slightly weaker in the WUS than the EUS.
Discussion
We have strived to explore the attribution of the U.S. ''warming hole'' by using observations of temperature, SWCF, LWCF, AOD and precipitable water vapor as well as nineteen global coupled climate models. Our analysis shows that there are a very strong correlation between summer T max and SWCF and a nearly perfect match of negative trends in the WUS and positive trends in the EUS for them during 2000-2011 over the CONUS. Note that the correlation (0.64) between SWCF and summer T max is higher than that (0.46) between cloud fraction and summer T max over the eastern U.S. as shown in Supplementary Fig. S44 , indicating that SWCF is better variable in terms of change of summer T max . On the other hand, Quuass et al. (2009) 39 pointed out that the positive strong correlation between AOD and cloud fraction may be due to the aerosol cloud lifetime effect, dynamical influences such as convergence, humidity welling and the bias in the satellite retrievals and none of these can provide a unique explanation. The MLR analysis shows that SWCF and precipitable water vapor are the two major contributors to variability in both summer T max and its trends over the CONUS. It is found that there are the consistent longitude variation of the negative trends in both AOD and COD and significant linear correlation between the trends of longitudinal mean AOD and SWCF. This indicates that the trends of AOD are mainly responsible for the variability in the trends of SWCF and the variability of longitudinal means of SWCF trends. The MIROC-ESM-CHEM [36] [37] [38] coupled climate model (Supplementary Note 13) reveals that the observed ''warming hole'' (i.e., negative trend in summertime T max ) can be produced only when the aerosol fields are simulated reasonably as this is necessary for reasonable simulation of SWCF over the region. Since the purpose of this paper to analyze all CMIP5 GCMs models and show the results, more work is needed to prove the superiority of MIROC-ESM-CHEM. In conclusion, these results provide compelling evidence of the role of the aerosol indirect effect in cooling regional climate on the Earth.
On the other hand, many theoretical explanations about the attribution of the warming hole have been suggested. On the basis of analysis of 192 simulations from 22 CMIP5 climate models, Kumar et al. 40 found that models with relatively higher skill in simulating the North Atlantic low-frequency (multidecadal) oscillations are more likely to reproduce the warming hole over the North America. Leibensperger et al. 21 showed that the regional radiative forcing from the anthropogenic aerosols can cool the central and eastern U.S. by 0.5-1.0uC on average during and that aerosol cooling can increase the southerly flow of moisture from the Gulf of Mexico which result in increased cloud cover and precipitation in the central U.S. This leads to largest cooling effect from the anthropogenic aerosols in the central U.S. The model simulations of Mickley et al. 41 over the U.S. for 2010-2050 found that removal of U.S. aerosols can cause significant regional warming with temperature during summer heat wave increasing by as much as 1-2 K in the northeastern U.S., in part, because of positive feedbacks involving soil moisture and low cloud cover. Pan et al. 9, 14 believed that local/regional land-surface processes were partly responsible for the warming hole through their role in replenishment of seasonally depleted hydrologic cycle (soil moisture). Kunkel et al. 11 pointed out that the warming hole is assoc- iated with variations in sea surface temperature (SSTs) in the tropic Pacific and that there was a strong association between the central U.S. temperatures and observed variability of North Atlantic SSTs. Lower SSTs over the North Atlantic can increase the anticyclonic transport of moisture from the Gulf of Mexico. Meehl et al. 13 believed that altered moisture convergence can increase precipitation with concomitant increases of soil moisture, surface evaporation and increased cloudiness. It is clear that all related works pointed to the fact that invoke changes in the moisture-aerosol-cloud-precipitation-SWCF interaction in the warming hole region. As stated in Rosenfeld et al 3 , all cloud droplets must form on preexisting aerosol particles that act as CCN. This means that moisture needs aerosol particles to form clouds. To completely understand the moistureaerosol-cloud-precipitation-SWCF interaction in the warming hole region, this will need more comprehensive models and is beyond of the scope of this work. Since the moisture-aerosol-cloud-precipitation-SWCF interaction is complicated, this interaction may be not linear. On the other hand, the southeast is upwind of the industrialized areas of the NE corridor, but is rich in aerosols from biogenic sources. Thus the possible greater moisture availability and the presence of sufficient aerosols (from both biogenic and anthropogenic sources) could provide for an ideal combination.
Methods
Observational datasets. We use the observational data of monthly mean maximum (T max ) and minimum (T min ) temperatures at thousands of stations ( Supplementary  Fig. S1 at year 2100, relative to pre-industrial conditions 6 .
